In order to evaluate the pathological role of verotoxin 2 (VT2), we investigated the effects of VT2 on neutrophil apoptosis in vitro. The results showed that VT2 caused a significant delay in spontaneous neutrophil apoptosis and that the effect was abrogated by a protein kinase C inhibitor. These data indicate that longer survival of neutrophils may aggravate neutrophil-mediated tissue damage in VT2-associated diseases.
Verotoxin (VT)-producing Escherichia coli (VTEC) strains of serotype O157:H7 have been implicated as causes of a wide spectrum of diseases, ranging from bloody diarrhea and hemorrhagic colitis to hemolytic uremic syndrome. A number of studies have shown that production of VTs from VTEC O157:H7 has an essential role in these diseases (1, 3, 5, 10) . Two serologically distinct VTs from this microorganism, VT1 and VT2, have been identified. Biological and physical analysis has demonstrated that VT1 and VT2 share biological activities and receptor specificities (7, 19) . Infiltration of neutrophils at the inflamed site of VTEC-associated diseases has been well documented, and recent studies suggest an essential role of neutrophils in the pathogenesis of these diseases (4, 5, 13) . Neutrophils have the shortest life span among circulating leukocytes. Senescent neutrophils rapidly die, exhibiting the characteristic morphological changes indicative of programmed cell death, or apoptosis. Neutrophils undergoing apoptosis lose their functions and are sequestered from the inflammatory site through phagocytosis by macrophages (2, 17) . Therefore, apoptosis may be an important mechanism for regulating the balance between host defense and neutrophil-mediated tissue injury. However, the regulatory effects of VTs on neutrophil apoptosis remain unknown. Thus, we conducted the present study to investigate the effect of VT2 on neutrophil apoptosis.
Inhibition of spontaneous neutrophil apoptosis by VT2. VT2 was purified from VTEC O157:H7 strain KSE-1571 by cation-exchange chromatography and high-performance liquid chromatography (11) . Contamination by lipopolysaccharide (LPS) in the preparation of VT2 was determined to be less than 0.03 EU/ml by Limulus amebocyte lysate assay. Heparinized peripheral blood was obtained from healthy volunteers, and neutrophils were isolated by 3% dextran sedimentation followed by density gradient centrifugation with Ficoll-Paque. In order to determine whether or not VT2 affects spontaneous neutrophil apoptosis, neutrophils (2 ϫ 10 6 cells) were incubated with culture medium (RPMI 1640, 10% fetal calf serum) containing purified VT2 for 24 h. Subsequently, cells were treated with hypotonic fluorochrome solution (100 g of propidium iodide per ml in 0.1% sodium citrate and 0.1% Triton X-100) and stored overnight at 4°C. The fluorescence intensity of each individual nucleus was determined by a FACScan flow cytometer (14) . As shown in Fig. 1A , 74% of the cells underwent apoptosis spontaneously following 24 h of incubation, which is consistent with previous reports (15, 20) . The apoptotic responses of neutrophils were apparently inhibited by VT2 in a dose-dependent manner. Figure 1B illustrates the time kinetics of the effect of purified VT2 on spontaneous neutrophil apoptosis. Cells were incubated with 0.1 U of VT2 per ml at 37°C for up to 48 h. Purified VT2 significantly prevented spontaneous neutrophil apoptosis in a time-dependent manner. Morphological evaluation of cultured neutrophils also revealed an apparent inhibition of spontaneous neutrophil apoptosis by VT2 (data not shown).
DNA fragmentation. The VT2-induced delay in neutrophil apoptosis was verified by confirming DNA fragmentation. Neutrophils (7 ϫ 10 6 cells) were incubated with 400 l of cold hypotonic lysing buffer (10 mM Tris-HCl [pH 7.5], 1 mM EDTA, and 0.2% Triton X-100) for 20 min on ice, and the lysate was centrifuged. Low-molecular-weight DNA in the supernatant was obtained by phenol extraction. After digesting with RNase, the samples were electrophoresed in a 1% agarose gel and stained with ethidium bromide. As shown in Fig.  2 , neutrophils incubated with medium alone for 24 h demonstrated an increased amount of low-molecular-weight DNA, which was electrophoresed in a dense ladder pattern. Neutrophils incubated with 0.1 U of VT2 per ml exhibited low-molecular-weight DNA in lesser quantities without exhibiting a ladder formation.
Elimination of VT2 by anti-VT2 antibody and heat inactivation. Purified VT2 at a concentration of 0.02 U/ml was treated with latex beads conjugated with anti-VT2 antibody (Denka Seiken, Tokyo, Japan). This treatment caused a 57% reduction in Vero cell cytotoxic activity of VT2. As shown in Table 1 , treatment of VT2 with the antibody promoted a 38% reduction in the effect of VT2 on neutrophil apoptosis (P Ͻ 0.01). LPS is well known to be heat resistant, while VT2 is sensitive. Thus, purified VT2 (0.02 U/ml) was treated at 60°C for 15 min, and the inhibitory effect on neutrophil apoptosis was determined. Heat inactivation of VT2 significantly abolished the effect of VT2 on neutrophil apoptosis (P Ͻ 0.01). In order to confirm the inhibitory effect of VT2 on neutrophil apoptosis, we evaluated the biological effect of recombinant VT2 (rVT2) on neutrophil apoptosis. rVT2 exerted verocytotoxic activity at 0.08 U/g of protein, and contamination by LPS was shown to be less than 1.2 ϫ 10 Ϫ5 EU/g. As shown in Table 1 , rVT2 at 0.1 U/ml significantly inhibited spontaneous neutrophil apoptosis (P Ͻ 0.01). These data indicate that the effect of VT2 on neutrophil apoptosis is LPS independent.
Effects of metabolic inhibitors on the VT2-induced delay in neutrophil apoptosis. In order to evaluate the mechanisms of VT2 action, neutrophils were incubated with VT2 (0.02 U/ml) for 24 h in the presence and absence of various metabolic inhibitors. A potent inhibitor of protein kinase C (PKC), staurosporine at 100 nM, significantly restored the inhibitory effect of VT2 (P Ͻ 0.01), indicating possible involvement of the PKC pathway in VT2-treated cells (Table 1) . In contrast, a tyrosine kinase inhibitor, genystein at 50 g/ml, and a selective inhibitor of protein kinase A, H-89 at 20 M, failed to prevent the effect of VT2.
Conclusions. In the present study, we have provided evidence for the first time that VT2 derived from E. coli O157:H7 inhibits spontaneous neutrophil apoptosis in a time-and dosedependent manner and that the PKC pathway may be involved in VT2-treated cells.
VT was first identified as a cytotoxin for Vero cells (6, 8, 9) . Subsequent studies have demonstrated that VTs are capable of inducing cellular death in various types of cells (12, 21) . In contrast, the cytotoxic effect of VT1 on monocytes and macrophages was negligible. Recent studies have shown that VT1 is capable of stimulating macrophages or monocytes to produce various cytokines (16, 18, 22) . Increased production of proinflammatory cytokines may contribute to the development of inflammatory responses in VTEC-associated diseases. Based on this evidence and the results of this study, it seems reasonable to suppose that VTs exert stimulatory effects on inflammatory leukocytes and promote longer survival through the prevention of apoptosis. The VT2-induced delay in neutrophil apoptosis may enhance inflammation and result in aggravation of neutrophil-mediated tissue damage in VTECassociated diseases. We have demonstrated that a specific a Neutrophils (2 ϫ 10 6 ) were incubated with anti-VT2 antibody-treated VT2 or heat-treated VT2 for 24 h. In experiment 2, neutrophils were pretreated with various metabolic inhibitors for 30 min at 37°C and subsequently cells were incubated with VT2 for 24 h. After incubation, apoptotic cells were detected by a FACScan flow cytometer.
b Data are percentages of apoptotic cells and represent means and standard deviations (three replicates/group) of a representative of four experiments performed with neutrophils isolated from independent donors. Asterisks represent P values of Ͻ0.01 compared with VT2.
inhibitor of PKC abrogates the effect of VT2 on neutrophil apoptosis. Although the activation of PKC in VT2-treated neutrophils has not yet been directly demonstrated, our results indicate that PKC may be involved in the VT2-induced delay in neutrophil apoptosis.
Further investigation should be directed toward the in vivo effects of VT2 on neutrophil apoptosis. Elucidation of the precise roles of VTs in VTEC-associated diseases may provide therapeutic advantages against these diseases.
